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Chapter 1 
Program Summary 


1 . 1 Introduction 

This report summarizes the services performed and the material 
prepared and compiled by the Tactical Systems Group of the Instrumentation 
Laboratory for the Electronics Research Center of the National Aeronautics 
and Space Administration under Contract NAS 12-614. The objective of 
the effort under this contract has been to provide the Center with back- 
ground information and control system design data to support the Center's 
program for advanced avionics technology for V/STOL aircraft. 

1 . 2 Scope of Effort 

The work under this contract was carried out under the six tasks 
described below. The descriptions presented here paraphrase the more 
lengthy wording of the contractual work statement, 

1 . Conduct a series of helicopter flight control system seminars 
for ERC personnel including the following topics 

a. Helicopter Dynamics 

b. Helicopter Flight Control System Design and Simulation 

c. Flight Test Equipment and Procedures. 



2 . Prepare data packages covering the following topics 

a. Analysis Package to include equations of motion, 
trim parameters and stability derivatives for 

• selected flight conditions , control linkage charac- 
teristics, etc. for the YHC-1A helicopter serial 
#85514. 

b. Simulation Package to include equations of motion 
and the simulator mechanization used by MIT/lL 
in prior simulation work. 

3. Assist ERC in developing a simulation of the YHC-1A 
helicopter serial #85514 on the analog computer at ERC. 

4. Perform an analytical design of a digital advanced flight 
control system for the YHC-1A helicopter serial #85514. 
Design to be based on prior work at MIT/lL under XJ. S. 

Army Contract DA 44-177-TC-757 . (This task was cancelled 
after preliminary work including determination of Laplace, 

z plane and w plane transforms had been completed.) 

5. Assist ERC by planning the design of an experimental 
guidance and control installation for the YHC-1A helicopter 
serial #85514. (This task was cancelled after .preliminary 

.work -including general equipment block diagrams had been 
completed.) 

6. Assist ERC in the design and implementation of certain 
interface equipment for the ERC fixed base helicopter 
cockpit simulator. 



1 . 3 Utilization of Effort 


The approximate fractional .utilization of the technical effort 
for the above tasks was as .follows; 


Task 1 

16% 

Task 2 

16% 

Task 3 

16% 

Task 4 

13% 

Task 5 

21% 

Task 6 

18% 


100 % 


1 . 4 Organization of Report 


For .convenience of reference., the material of this report is.-. 

„ presented .under four subject headings rather than in chronological . 
order of preparation. Specific material of importance from the seminars 
(Task 1) has been included under the subject headings as appropriate. 
Aside from this, the relation between the subject ‘headings and the 
contract tasks is as follows; 


Chapter 

No. 

2 . 

3. 

4. 

5. 


Subject 


Tasks 

Included 


Analytical System Design 2a, 4 

Helicopter Simulation ' 2b, 3 

Experimental Guidance and 

Control Equipment 5 

Simulation Interface Equipment 6 
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Since most of the detailed material .consists of equation, derivations 
data tabulations , block diagrams , and similar items , it appeared 
desirable to place it in a series of appendices rather than in the 
main text. In addition, the printout of the s-, z-, and w- transforms 
computed for the YHC-1A was physically too large for inclusion in the 
present document. It is, therefore, supplied in the form of an addendum. 
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Chapter 2 

Analytical System Design 


2 . 1 Development of Linearized Equations of Motion 

The equations of motion which form the mathematical' model 
of the aircraft were the principal subject of the first seminar. At this 
seminar, notes entitled "The Development of Linearized Equations of 
Motion and Performance Functions for VTOL Aircraft" were distributed 
to ERC personnel. This material, which was adapted from previous 
-MIT/lL reports, is included in this report as Appendices A and B. 

2.2 Development of Linearized Performance Functions 

A section of the_ notes distributed at Seminar I was concerned 
with the development of linearized performance functions. This 
material is included as Appendix C. 

Digital computer programs available at MIT. have been used to 
calculate the Laplace, z- and w- transform performance functions for 
the YHC-1A for flight "condition 1 (normal C.G. , 13,400 lb. gross 
weight, zero rate of climb, sea level) at air speeds of 6, 40, 80, and 
140 knots. The z- and w- transforms were computed’for a sampling 
rate of 20/second; These performance functions in the form of' a 
computer- print out are furnished as an addendum to this report. 



- 6 - 


2.3 Definition of Symbols 

The symbols used in the equations of motion are not the 
conventional ones used by ‘NASA. These symbols and their definitions 
are tabulated in Appendix D . Where an equivalent NASA symbol ■ 
exists, it is given. 

2.4 Sequence Diagrams for the Analytical Design Process 

A general sequence diagram for the flight control system design 
process is shown in Figure 2—1. A more detailed sequence diagram 
applicable to the analytical design of a longitudinal flight control 
system is presented in Figure 2-2. 

2 . 5 Helicopter Operating Limits 

A representative helicopter flight envelope is shown in 
Figure 2-3. The various factors that limit the maximum true airspeed 
at different altitudes are plotted on the figure. 

An example of the so-called "dead man's" curve associated 
with engine failure in a helicopter is shown in Figure 2-4. Flight in 
the cross-hatched regions on this plotis unsafe in that a crash will 
result if there is a total engine failure. 



"1 



Sequence Diagram of Flight Control System Design Process 


Fig. 2-1 
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Fig, 2-2 Sequence Diagram for Analytical Design of the Longitudinal System 
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Chapter 3 

Helicopter Simulation 


3 . 1 Summary, of the MIT/lL Simulation of the-CH-46C 

In order to assist ERC in achieving an early start on the 
analog computer simulation of the helicopter, the details of the 
MIT/lL simulation of the CH-46C were transmitted to ERC as Addendum 
#2 to the Monthly Technical Progress Report of February 19 68. This 
material is presented in Tables I and II, Figure 3-1 and Appendix I. 
Table I gives the equations of the airframe and the transfer functions 
of the servos and of the aircraft's control system. Table II gives the 
coordinate transformations involving the Euler angles (H, E, 4) used 
to describe the orientation of the aircraft. The airframe equations 
were derived from Equations 8 6-91 in Appendix B. 

The approach used in the development of the simulation is in 
part similar to the conventional linearization procedure. However, 
all important stability derivatives are varied with airspeed and pro- 
visions for generating trim conditions have been made. The resulting 
simulation thus accounts for the variation of airframe trim and dynamic 
characteristics with forward speed. Gross weight, C.G. position, 
and altitude are treated as constants during any given computer run. 
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The stability derivatives that are varied with airspeed are shown 
in Figure 3-1 . These plots were obtained from the data tabulated in 
Appendix G. Derivatives other than the eight shown in Figure 3-1 are 
treated as constants in the simulation and their hover values are used 
over the entire speed range. The mechanization of the equations of 
motion on the MIT/TL Pace computer was accomplished according to the 
connection diagrams in Appendix I. The computer component assignment 
sheets including potentiometer settings are also included in Appendix I. 

The primary assumptions made in the variable airspeed simulation 
are that the airspeed changes relatively slowly compared to the natural 
periods and time constants of the airframe modes and that airspeed is the 
only important variable in producing non-linear affects. These assumptions 
lead to the quasi-linearized force expressions on the right side of the 
equations in Table I. Use of these equations leads to the generation of 
trim values of E, 6^ and 6 in reasonable agreement with the correct 
values of the NCH-46C aircraft. 


3.2 Description of Alternate Simulation Scheme for Generating Trim Values- 


Although the initial ERC simulation was based on the same trim 
mechanization used by MIT in order to facilitate a comparison of the 
simulations, an alternate trim generating scheme was recommended for 
subsequent utilization. This alternate method, which was described in 
Seminar II on 13 February 1968, is shown schematically in Figure 3-2. 

The steady state flight path for the generalized perturbation analysis is 
assumed to be straight and level with zero sideslip. Thus the unperturbed 
flight path is characterized by only a single non-zero quantity ' namely 
V(AM-A)x ,Tilis <5 uanti,t y is ' °btained by subtracting the wind velocity 
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(including gusts), , from the aircraft velocity ^ to give 

the vector airspeed ♦ .The horizontal component of airspeed 

is then obtained by means of' the A- to C- frame transformation (first 
equation in Table II). This quantity is the independent parameter from 
which the trimmed control deflections 6 and 6 , the trimmed pitch 

Z . G 

angle, E q , and selected stability derivatives are°computed . Since the 
equations of motion are expressed in the A- frame, it is necessary to 
resolve the steady state velocity into the A- frame corresponding to 
the trimmed condition . The difference between the output of this 
resolution and the vector airspeed is the incremental velocity, A V, , , , 

(am-a) a ' 

needed to compute force and moment increments in the perturbed equations 
of motion. 


Figure 3-3 shows the curves of 6 ,6 and E as functions of 

e - z o 

TAS that must be mechanized in the “Control Trim" and "Euler Angle Trim" 

boxes respectively. Approximate empirical equations for S and E are 

• z o 

given. A constant value of 6 may be used in view of the small variations 

e • . 

in the trim value relative to the total stick travel. (This assumption is - 
predicated on the use of the LCT schedule without which the.S g trim may 
be quite large at high speeds) 


The equations of motion of the helicopter needed to implement 
the trim generating scheme of Figure 3-2 are slightly different from those 
given in the previous simulation data package. A sample derivation of 
one of the equations is shown in Figure 3-4 and the complete set of six 
equations of motion for the helicopter are summarized in Figure 3-5. 
Geometry and wind relations are presented- in Figure 3-6. 
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Fig. 3-2' BLOCK DIAGRAM OF THE AIRCRAFT. SIMULATION 
SHOWING GENERATION OF TRIM QUANTITIES 
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Fig., 3-5 Helicopter Simulation Equations of Motion 
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Fig. 3-6 Geometry and Wind Equations 



.Chapter 4 


Experimental Guidance and Control Equipment 


4 . 1 Introduction 

This chapter describes the preliminary design of experimental 
equipment necessary to permit in-flight evaluation of guidance and 
control systems in the Langley YHC-1A helicopter. This design was 
developed under the following general guidelines ; (a) the aircraft 
would not be assigned full' time to the program for which this equipment 
was intended so that it would be desirable, if not actually- necessary 
that the equipment be easily and quickly removable from the aircraft, 

(b) operations might be conducted at a remote sight which would 
require a mobile van to house all necessary GSE, engineering test and 
software modification equipment and the system equipment when not in 
the aircraft and (c) the airborne equipment should be capable of im- 
plementing multi axis control systems ranging from the most elementary 
type through the most sophisticated conceived to date . To satisfy this 
last guideline the design is based on the use of a powerful easily pro- 
grammed digital computer for the majority of the data processing re- 
quired in the various systems to be studied. The aircraft experimental 
installation and the ground support van installation are discussed in 
s action 4 . 2 and 4.3. 
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4.2 Aircraft Experimental Installation 

A block diagram of the aircraft experimental installation 
indicating the interrelationship of the various units of equipment is 
shown in Fig. 4-1. As can be seen from the diagram the equipment 
is subdivided into the following major groupings: 

1 . Pallet Mounted Equipment 
2 . System A/C J-Box . 

3. Observers' Station 
41 Cockpit Station 

A pictorial diagram indicating the location envisioned for the major, 
groupings of equipment in the Langley YHC-1A helicopter is shown 
in Fig. 4-2. The pallet mounted equipment could be readily removed 
.as ah integral unit through' the ramp exit, at the rear of the cabin area, 
and installed in a ground support van (as discussed in section 4.3) 
for test purposes and when the aircraft is being utilized for other 
research activities. 

The system A/C J-box in Fig. 4-1 provides the interface between 
the pallet mounted equipment and the remaining aircraft equipment. 

The J-box is the focal point for the distribution of analog and digital 
signals in the aircraft experimental installation. Analog signal . 
distribution is accomplished as shown in Fig. 4-3. Input/output signals 
associated with the analog data source/receiver units and the data 
conversion unit plus inputs to the recording control panel are available 
at jacks located in the analog signal J-box. The desired interconnections 
are made by means of patching cords. Digital signal distribution is 
carried out as shown in Fig,. 4-4. Digital signals from various aircraft 
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equipment data sources are gated sequentially on to the number transfer 
bus for transmission to the input data bus of the pallet mounted equip- 
ment. Digital data from the pallet mounted equipment is transmitted to 
the aircraft mounted digital display units in a similar manner. 

The observers station would contain the equipment permitting 
an engineering flight observer to introduce test inputs to the system 
under evaluation and to observe and/or record the responses of selected 
system parameters to -the test input. Pilot control panels and displays 
associated with the guidance and control system under test would be 
located in the cockpit area (the displays on the. instrument panel) and 
hence would be an integral part of the aircraft cockpit installation. 

4 , 3 Ground Support Van Installation 

A block diagram of the ground support van installation is shown 
in Fig. 4-5. A pictorial diagram of the layout of equipment in the ground 
support van is shown in Fig. 4-6. The system van J-box provides the 
interface between the pallet mounted equipment and the van test equip- 
ment. The A/C equipment test jig would be used to simulated the load 

and signal sources of equipment not removed from the aircraft installation, 

f 

The same jig would also permit interfacing aircraft equipment with the 
rest of the van installation for test and calibration purposes . 

Other items of van equipment would include a digital computer 
(possibly the same as the pallet mounted computer) with paper tape 
handling equipment and a typewriter. Experience at MITIL with an air- 
borne installation of the type discussed in section 4.2 has shown that 
this type of ground equipment is adequate for field support. 





P /flier 
Moovred 
SQojPma k)7~ 


I 

\ 

\ 

i 

i 

-_L 




5 

1 

I— ... 


I 



A/c Movjjreb 
^Qo/PAiejor 



/=-/&, £tPe$//V€VT/)L SYS7&A1 /WAlt>$ S/GAJ/U d/Sr£/807/0/J 


v 

CS> 

SI 

I 


/»t TU /& AfiPj/ ZA 











































I 

J 


Support vam ucperwektal ihsiM-Utioh Oia&’am 


Mini 

is hfb~ \% 


CO 

CD 

I 














Chapter 5 


Simulation Interface Equipment 


5.1, Description of Effort 

In order to advance the operational date of ERC's fixed base 
cockpit simulator, MIT/lL assisted in the design and implementatioi 
of the interface unit between the cockpit flight instruments and the 
analog computer. At a joint meeting of ERC and MIT personnel, it 
was decided to use the Link Trainer attitude and turn-bank indicators 
with their associated electronics driven by analog computer electronic 
multipliers acting as 60 cycle signal modulators. Altitude, rate of 
climb, and indicated air speed were to be displayed on long scale 
(250° arc) 3 inch DC meter movements driven in response to the DC 
outputs of the analog computer. The assembly of applicable Link 
Trainer components and fabrication of DC meter instrument dials was 
completed by MIT. After a laboratory checkout,' the unit was delivered 
to the ERC Analog Computing Facility on 23 April 19 68. An extended 

v 

range altimeter display unit (0 - 7000 ft) was assembled from Link 
Trainer components as a replacement for the DC meter movement 
display. This unit was delivered to ERC on I July 19 68. The schematic 
diagrams for these units, which were delivered as addenda to the 
monthly technical progress reports, are included in this report in 
Appendix J. 
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APPENDIX A> 

REFERENCE COORDINATE FRAMES AND NOTATION 


A. 1 Introduction 


The equations describing the motion of an aircraft are derived from 
Newton's second law, which relates the forces applied to the vehicle to the 
acceleration of the vehicle with respect to an inertial coordinate frame. It 
is generally convenient to sum the components of the applied force and 
moments in a reference frame fixed to the aircraft and hence rotating with 
respect to the inertial frame. The aerodynamic forces applied to the air- 
craft, on the other hand, depend upon the motion of the aircraft with respect 
to the air mass. Additionally, the motion which is frequently of .greatest 
interest is that of the aircraft with respect to the Earth. - Thus, several 
reference coordinate frames are necessary for the complete and accurate 
description of the forces applied to the aircraft, the resulting motions, and 
the physical quantities measured by the flight control system sensors. 

The coordinate frames and -notation used in the flight control studies 
are defined in sections A. 2 and A. 3 respectively.- Insofar as possible, the 
axis systems have been selected so that the senses of rotation and trans- 
lation are similar when small angles are used. When treated as vector 
quantities, positive force, moment, and motion components are defined to 
be in the positive sense of the -axis. In general, notation using self-defining 
symbols is employed to facilitate distinguishing similar quantities in the 
various coordinate frames. Where applicable, the symbols are consistent 
v/ith those in common usage in the guidance and control fielcs and with 
those used by NASA for aircraft stability and control work. 

A. 2 Definition of Coordinate Frames 

The principal reference frames needed for the analysis of VTOL air- 
craft and flight control systems dynamics are described below. Figure 99 
shows the inertial. Earth-centered, Earth geocentric -vertical, and Earth 
local-vertical coordinate frames. Figure 100 shows the relationships be- 
tween the Earth local -vertical. Earth-aircraft control, and me raft body 
axes frames. Figure 101 dws the relation between the velocity of the 
aircraft with respect to the Earth, the velocity of the air mass with re- 
spect to the Earth, and the velocity of the 'aircraft with respect to the air 
mass. 
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EARTH CENTERED FRAME, 


FIXED TO THE EARTH 


Figure 99. Reference Coordinate Frames - Inertial (I), Earth-Centered (E), Earth 
Local- Vertical (L), and Earth Geocentric- Vertical (G)L 


JL. Inertial Coordinate Frame (I) X^, Y^, Zj. 

This frame is nonrotating with respect to inertial space. The origin 
is the center of the Earth, with the Zj axis coincident with the rotational 
axis of the Earth. The Xj and Y T axes then lie in the equatorial plane. * 
This placement of the axis system assumes that the linear and angular ' 
accelerations of the Earth with respect to inertial space in its orbit about 
the sun are negligible. 

2. Earth-Centered Coordinate Frame' (E) X g , Y^, Z E 

This frame is fixed with respect to the Earth, with its origin at the 
center of the Earth and with the Z^ axis coincident with the Zj axis and 
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the Earth* s' rotational axis. The X]j and Yg axes lie in the equatorial 
plane, intersecting the surface of the Earth at convenient points. The E- 
frame may be chosen to coincide with the I -frame at a particular instant 
of time. 



Figure TOO. 


Coordinate Frames for Describing Motion of the Aircraft With Respect 
to the Earth. 


3. Earth Local- Vertical Frame (L) X-^, Y^, 

The Earth local-vertical frame (L) is a local geographic frame. The 
origin of this frame is at the center of mass of the aircraft, .with Z L along 
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the vertical defined by the local gravity vector (positive downward), X^ . 
parallel to geographic North (positive to the North), and Yl parallel to 
geographic East (positive to the East). ‘The L-frame is instrumented by 
the stable element of the experimental inertial velocity measuring system 
(I VMS). 



Figure 10.1. Aircraft Velocities With Respect to the Ecrth and the Air Mass. 


4. Earth Geocentric- Vertical Frame '(G ) X^, Yq, Zq 

The Earth geocentric-vertical frame (G) is a geocentric latitude- 
longitude reference frame whose origin is at the center of mass of the air- 
craft, with Z (positive toward the Earth's center) in coincidence with a 
radius from the center of the Earth to the origin of the G~frame. and 
YQ'form an orthogonal axis set with Xq. and Y q in directions similar-to 
the North and East orientations of the X^ and Yjg, axes. The difference, 
between the G- and L-frames arises from the difference in the -direction 
of the local gravity vector (which is approximately normal to the reference 
ellipsoid) and the direction of the geocentric radius vector. 

5. Aircraft Body Coordinate Frame (A) X^, Y^., Z^ 

The aircraft body coordinate frame is centered at the center of mass 
of the aircraft. The A-frame is fixed to the aircraft and rotates and trans- 
lates with the aircraft. The X^ axis is chosen in a convenient forward 
direction in the plane of symmetry, xhe 'Y^ axis normal to the plane of 
.symmetry (positive to the right), and the Z^_ axis in the plane of symmetry 
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(positive down) forming an .orthogonal right-hand system. The alignment 
used for the X^ axis of the tandem -rotor helicopter is a "waterline" axis 
approximately parallel to the floor. The exact alignment is shown i" 
Appendix C with the development of the stability derivatives. 

6. Earth- Aircraft Control Coordinate Frame (C) X^v, Y q, Z p 

The earth-aircraft control coordinate frame is centered at the center 
of mass of the aircraft. The Zq axis is along the local gravity vector 
(positive downward) and is coincident with the Z^ axis. The Xq axis is 
the intersection of the horizontal plane with the vertical plane containing 
the X^ axis. The Y q axis. forms a right-hand system. The C-frame is 
the intermediate frame for the definition-of the Euler angles describing 
the relationship between the Earth local-vertical frame and the aircraft 
body axes frame. In their order of rotation., the Euler angles are defined 
as: . ■ 

1. Heading (H) — angle of rotation about Z^ from X ^ to Xq 

h ' a [x l -x c ]z l 


2. Elevation (E) — angle of rotation about Yq from Xq to'X^ 

E - A (X c -X' j JY c 

3. Roll ((j p ) — angle of rotation about X^ from Yp to Y^ 


*' A Iy c .-y a ]x a 


7. Other Coordinate Frames 

For the description of the measurements by particular instruments or 
for the derivation of aerodynamic effects, it is sometimes convenient to 
define additional coordinate frames. When necessary, these other frames 
are described in the applicable sections; in general, the results are then 
referred to one of the reference frames described above. 

A. 3 Definition of Symbols 


The general notation for the axis systems and the angle, angular veloc- 
ity, acceleration, and velocity components in these various reference ‘ 
frames is defined as follows: 


x ( y Y c y 

A [rf]( ) 



Axes of the ( ) frame 

tngular rotation ’from a reference frame (r) to 
nother frame (f) about the ( ) axis 
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V [rf]( ) 
a [rf]( ) 


Component about the ( ) axis of the angular 
velocity of frame (f) with respect to the reference 
frame (r) 

Component along the ( ) axis of the linear velocity 
of the frame (f) with respect to the reference 
frame (r) 

Component along the ( ) axis of the linear acce- 
leration of the frame (f) with respect to the refer- 
ence .frame (r) - 

Displacement of the ( ) primary -flight control or 
the ( ) pilot's manual control 


This complete self-defining notation is used in Appendix B for the 
derivation of the equations of motion in order to facilitate distinguishing, 
similar quantities in the various coordinate frames. The results are, 
in general, reduced to the working, shorthand notation for the most used ‘ 
components of’forces, moments, and motions in the three principal axis * 
systems that is presented in Table VIII. 
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TABLE MI 

SUMMARY OF. NOTATION FOR THE COMPONENTS OF FORCES AND MOTIONS 
IN THE VARIOUS COORDINATE FRAMES 



Aircraft Body A 

. \is Moments 


L M 

N 


•• 

Applied Forces 




F *c 

IMBMI 

Aircraft Angular Velocity with 
respect to Incrcial Space 

W (IA) • 

X A 1 A 

% 



Aircraft Acceleration with re— . 
spect to Inertial Space 

5 <IA) 

aY A 

ay 

Z A 



Aircraft Velocity with re- 
spect to Inertial Space 

V) 

Vv Vy 
a A 1 a 

Vy 



Aircraft Acceleration with 
respect to the Earth 

¥ (EA) 


Z1 V flv 

X L ‘ ' * L 

a z L a x c 

a Y c a z c 

Aircraft Velocity with re- 
spect to the Earth 

V (EA) 

/ 

V X Vy 

• x L y L 

v m' 

Vy Vy 

* C ""C 

Velocity of Air Mass with 
respect to the Earth 

V (E-AM) 


V (E-AM)X l V (E~AM)Y l 

V (E-AM)Z l 


Velocity of Aircraft with 
respect to the Air Mass 

V (AM— A) 

V X V Y 

Vz 




Heading A [x L - 

-x c ]z L 



H 


Euler 

Angles . . 

Elevation A ^ jr 

C “ Y C . 




E 


RoH A [ Yc _ y 

a! 

</> 




Moment 

Pitch 


S e 



• 

Control 

Roll 


s a 

, 



Displacements 

Yaw 
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APPENDIX B| 


GENERALIZED KINEMATIC EQUATIONS OP MOTIONS 


The generalized body axis equations of motion and the coordinate 
transformations needed to relate the components of forces. and motions ^ 
in the various reference coordinate frames are presented in this appendix. 


Also discussed are some ox the approximations which have been used to 
make the analysis using these equations more tractable. Because of the 
capability of VTOL aircraft for hover, transition, and slow steep ap- 
proaches where winds may produce a large difference between the air- 
crafts velocity with respect to the ground and with respect to the air 
mass, considerable emphasis is placed upon distinguishing between ihese 
two velocities. 


B, 1 Generalized Equations of Motion in Aircraft Axes-(A-Frame) 

The generalized equations ’Of motion are obtained by equating the 
forces and moments applied to the vehicle with the rates of change of the 
linear and angular momentum of the aircraft with respect to inertial space. 
Since the aircraft axis equations are written for an axis system that is 
rotating with respect to inertial space, the following two equations. must, 
be used: 


r d V(i A )i 

| = m [ dt } ]a + m [ W (‘ A ) x V ^] 

( 61 ) 

m L dP J 



Hr] a + V> x H 

( 62 ) 

wiiei e 

H = Aircraft angular momentum 



These equations of motion are completely rigorous. However, the 
quantities in these equations related to the inertial coordinate irame 
(I- frame) are not easily determined’ in the practical sense. Fortunately, 
for most stability and control analyses, it is sufficiently accurate to con- 
sider the rotating Earth to be an inertial frame, thus permitting the 
substitution of 
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W (EA) for W (1A) and V (EA) for V (1 A) 


Except where noted otherwise, this assumption is basic to all analytical 
design work described in this report. 

The above substitutions are employed in expanding equations 61 ar.d 
62 to obtain A-frame (body-axis) components of aircraft translational and 
angular acceleration with respect, to the Earth. In this expansion, it is 
assumed that the axis is a principal axis. In this manner, we, have 

Force Equations 


F X " m °(!A)X a 
Fy = m a (iA) Y A 

F Z = m °(IA)Z a 

Moment Equations 
Rolling Moment: 


- m 


= m 
= ni 


L v (IA)x a t 
» 

_ V (IA)Y a ■ 

♦ 

V (iA)Z A + 


W Ya v (|A)Z a ^ W Z. a V (IA)Y a ] 

W Z A V (iA)X A “ W X a V (IA)Z a ] 
W X a V (IA)Y a " W Y a V (!A)X a ] 


L 


lx 



+ (i z -i Y ) Wy a W Za - J Z x(^z A . 




Pitching Moment: 

m = i Y w Ya + (i x -w w z A »x A - J ZX (wl A -w^ A ) 


(63) 

(64) 

(65) 


( 66 ) 


(67) 


Yawing Moment: 

N =I z W Za + (!y "lx) W X A W Y a - J Zx( v h' A _w Y A W Z A ) . (68)’ 

The forces (Fy, Fy, F y) and moments (L, M, N) are the A-frame com-, 
ponents of all" external forces and moments applied to the aircraft. Before' . 
these forces are discussed further, however, the coordinate transfor- 
mations that will be required in their development must be introduced. 
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B, 2 Euler Angle Coordinate Transformation 

Frequent use must be made of the transformation which relates a 
vector quantity in the Arframe to its components in the L~ or C-frame and 
vice versa. In general, a vector R can be resolved into’its A-frame, L- 
frame, or C-frame components: - 

R =R X A ‘A +R Y a JA +R Z a k A 
K R X C ' C + ' R Y C fc " R Z C k C 
* R X l »L * R Y l 1L tR Z l k L 


where i, j, k are unit vectors'in the indicated frames. The L-, A-, and 
C-frames are related by the Euler .angles defined in Figure- 100: 

H = Heading Angle 
E = Elevation Angle 
6 - Roll Angle 

Accordingly, the A-frame components of R can be expressed in terms of 
L-frame components as shown in equations 69 through 71: 


r x a = R X l ( c ° s R cos + R Y^ ( s * n R cos ^ * R Z l (~sin ^ 


(69) 


R Y a - R Xl (cos R sin E sin 4>'~ sin H cos <p) + Ry L (sin cp sin E sin H A cos cf> cos H) 



(cos E sin 0) 


(7 0) 


R 7 = Rn, (cos H sin E cos 4> + sin H sin 4>) + Rv (sin H sin E cos 4> ~ cos H sin 4>) 
*~A a L L . - 


+ R Z l (cos E cos 4 >) ■ (^^ 


Conversely, the L-frame component of any vector R can b.e express< 
in terms of A-frame components as shown in equations 72 through 74: 


r x l = r x a ( cos h cos E) t Ry (cos H sin E sin ~ sin H cos 4>) 


+ Rj (cos H sin E cos 4> + sin H sin <£) (72) 
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R y = Rv (sin H cos E) + R y (cos H cos <£ + sin H sin E sin <f>) 

■ ! L a A • -A 


+ R 7 (sin H sin E cos <h - cos H sin <$) 
a a 


R 7 = Rv (-sin E) + Ry (cos E sin <p) + R 7 (cos E cos <p) 

• L a A ! A a A 


(73) 

(74) 


Expressions for A-frame components in terms of C- frame components - 
and vice versa can be readily obtained from the above sets of equations by 
setting H = 0 and replacing the subscript L by C. .'For example, 


and 


R x A = R x c cos E +R z- C ( _sin E ) 


Rv = Rv (-cos t) + R Y (sin E sin <p) + R 7 (sin E cos 4>) 

A C a A . - T A - a A 

A-frame components of the aircraft's angular velocity in terms of the 
rates of change of Euler angles are 


^(£A)X a = -H sin E + 

(75) 

i W, . '= H cos E sin E cos <fr 

l UA;y A; 

(76) 

j W, . ; = H cos E cos <£ -’E sin 

1 1 )Z Ai 

(7.7) 


Alternatively, the rates of change of the Euler angles may be expressed in 
terms of the A-frame components of the aircraft's angular velocity with 
respect to the Earth, 


- ur ' i / 4 * 

( e A)Y a ; C os E 

) + W (EA)Z a ( cosE ) 

(78) 

= W (EA-)Y a ( cos <*>) “ 

■ V ''(EA)Z a ( s > n » 

(79) 

m 

= W (EA)X a '+ h sin 

e’ • 

80) 
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The angular velocities determined by equations 75 through 77 are 'those 
of the aircraft with respect to the Earth. However, an angular velocity 
with respect to the Earth may be approximated by the angular velocity 
with respect to inertial space. Thus, the solution of the equations of 
motion (equations 66, 67, and 68) may be used in the above equations to 
obtain the Euler angles. 

3. 3 Forces and Moments in Generalized Equations of Motion 

.The A-frame forces (Fy, -Fy. Fy) and moments (L, M, N) of equations 
63 through 68 represent all of the external forces and moments acting upon 
the aircraft. These include forces and moments due to aerodynamic loads, 
control and propulsion systems, and gravity. 

Gravitation Forces — The gravity force is a vector quantity of magni- 
tude mg* acting along the positive Zy (or Zq) axis. The A-frame com- 
ponents of this force can be obtained using equations 69 through 71 as 


(F X ) s = - mg sin E 

(81) 

(|- Y ) - mg cos E sin'0 

(82) 

9 


(E;?) = mg cos E cos <p 

(83) 


<1 


No moments are produced by the gravity force because the A-frame origin 
is located at the aircraft's center of gravity. 

Non- Gravitational Forces and Moments — The remaining forces and 
moments are due primarily to aerodynamic, control, and propulsive 
effects. 

The aerodynamic forces, by definition, are those generated by 
motions of the a ircr aft [with respect to the air mass. The motions — 
translational and rotational — are 


'(AM-A) “ V (E-A) ~ V (E-AM) 

(84) 

(AM- A) 3 W (E-A) ~ W (E-AM) ’ 

(85) 


*g includes the gravitational acceleration G plus the centrifugal acceler; 
tion due to the Earth's rotation. 
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It is assumed herein that any rotational velocity of the air mass with re- 
spect to the Earth can be neglected; thus, 

W (AM-A) = W (E-A) ‘ 


Control -and propulsive forces are generated by control surface de- 
flections or power plant settings. The appropriate control inputs may be 

represented in general by 6, , -6.,, . . . 6 . 

t, J Y 2 n 

Non- gravitational forces and moments can therefore be expressed ’ 
'symbolically: 


^"non-gravity r ^(A’M-A)' '^'(E-A)' ^ ^ 2 ' ' * * ^ * 


In general, the aerodynamic and control/ propulsive forces cannot be 
considered independently of one another. For example, the force and 
moment produced by a command 6,. will be a function of flight condition as 
defined by V Conversely,* the aerodynamic forces and moments 

generated by" vehicle motion relative to the air mass will depend upon the' 
vehicle configuration established by 5. , 5„, . . . 5 . 

i W ll 

B. 4 Nonlinear Six-Degree-of-Freedom Airframe -Equations 

The expressions for -the A-frame forces and moments can be inserted 
in equations 63 through SEFto obtain the nonlinear equations of motion for 
a rigid aircraft in terms of body- fixed axes with' origin at the C. G. The ' 
abbreviated notation - 

W (E-A)X a ^ W X a ' etc -' 

V (E-A)X a =V x ^, etc.. 


is used in the equations. 
Force Equations 





+ g sin E] 


”(F X > - 

non-gro vi ty 


(86) ; 


1 1 a 



B-7 , 


m[V Y + W 7 \ Vy -Wv V 7 -gcosEsin^] = (Fy) (87) 

T A A A A A A A a A non'-grovity 


non’-g ro v! ty 


[V 7 + W y V Y ~V/ y V x -g cos E cos <^1 = (F 7 ) 

L A X A Y A Y i A A non-gravity (°o) 


Moment Equations 


>X »Xi + (!z - 'y> Wy A »Z A - J ZX <»Z A - W X A Y a ) ■«-)„.„. 3 r.vi ty . <«« 


A A A 


ly w Yi +(I X -i z ) w Za w Xa -j 2X <w 2a 2 -w x f) -(k!U. grovity (90) 


A a A 


! Z V/ Z A + 0 Y “’x^ W X A W y A “ J ZX (Wx A W Y a W zJ = (^non-gravity (91) 


A A A 


These six equations are an almost exact description of the motions 
of a rigid aircraft operating near the Earth’s surface. They can be 
developed further along any one of several paths depending on the 
needs of the user. In this case they will be manipulated into the 
form generally used for linearized aircraft stability and control studies. 
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APPENDIX C 


DEVELOPMENT OF LINEARIZED PERFORMANCE FUNCTIONS 


C . 1 Linearized Equations of Motion for the CH-46C Helicopter 


Equations 86 through 91 were linearized by expressing each indepen- 
dent variable as the sum of a steady- state value p]us a small perturbation, 
expanding the nongravitational forces and moments as Taylor's series 
about the steady-state operating point and dropping all but first-order 
terms, and introducing small-angle approximations. The linearized eq 
tions may be separated into lateral and longitudinal sets by equating the 
steady-state longitudinal motions to zero when studying the perturbed 
lateral motions and vice versa. Steady-state values are denoted by sub- 
script zero, e. g. , V XA ; perturbation quantities are prefixed by A, e. g. , 

AV X ^. The sum of the two quantities represents the total variable in each 
case. 


In the equations, the .abbreviated notation 

G X a V (E-AM)X a '' etc - 

is used to represent A-frame wind velocities. Terms involving wind 
velocities are retained on the right-hand side of the equations as forcing 
terms. 


The Laplacian operator p replaces d/dt in the equations.- 
Longitudinal 
x-force: 


[-x Vx +pJ AV Xa +[g +(V Za - x q ) p] Ac + [-x Vz ] aV Z a = 

O , * 

[xS e ] A S e + Cx s J AS z + AG Xa + [“Xy^] AG Z a 


(92) 
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z -force: 

[ _2 v x ] av x a + [“( v x a +z q )p] ae + [~ 2 v z + p] av z a = 

O 

C z S c i A 8 c + C Z S 2 ] A S z + [~ Z V. X ] AG X a + C- Z v z ! AG Z A ( 0 3) 

pitching moment: 

[ _m V x l AV X a + [“ m q P ‘ i ‘P' 2 ] AE + C“ m V z ] AV Z A = 

OsJV + [ m S z ] A S i + C _fil V x ] AG X A T [" m V z ] AG Z A (94) 

Lateral 


y-iorce: 


[~yv Y f p] AV Y A + C"Q ~y p p] a< ^ ^ v x A ~y r J A "z A 

o 

[y$ ] A s + '[ys ] A s + C~yv ] ag y 


o g * r r 


rolling moment: 


r , _ 2 r 1 ZX ! 1 

L ^V Y J A Vy^ +[“ p + p ] A (f>. + j - l x ~ -=y- = -' P Aw ; 


[^,] A ,HyM[- Vy-l G Y A 


yawing moment: 


a a t 


l ■ ^ zx i 2 

E _n V y ] AV Y A * _n pP' J 'Tr”P A< ^ + [“ n r + p] Aw Z, 


[ n 8 ] A S + [ n 8 ] A S + [~ n vJ G Y A 

a a r r Y A 


C . 2 Stability and Control Derivatives 


Longitudinal and lateral stability and control derivatives are defined 
as follows: 


*v x ' Z V X - M V X 


X v z - Z v 2 - M V Z 


Aircraft longitudinal force, vertical force, 
arid pitching moment derivative with respect 
to. aircraft longitudinal velocity. 

Aircraft longitudinal force, vertical force, 
and pitching moment derivative with respect 
to aircraft vertical velocity. 
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X , Z , M 
q q q 

Aircraft longitudinal force, vertical force, 
and pitching moment derivative with respect 
.to aircraft pitching velocity. 

x 6 , z 6 : , m 6 . 

e e e 

Aircraft longitudinal force, vertical force, •' 
and pitching moment derivative with respect 
to longitudinal stick motion (5 positive aft). 

X 6 ' Z b , M 6 
z' • z z 

Aircraft longitudinal force, vertical force, 
and pitching moment derivative with respect 
to collective stick motion (6^ positive upward). 

Y iy l v y ' n v y 

Aircraft lateral force, rolling moment, and . 
yawing moment derivative with respect to air- 
craft lateral velocity. 

Y , L , N 
P P P _ • 

Aircraft lateral forced rolling moment, 1 and 
yawing moment derivative with respect to 
aircraft rolling velocity. 

Y , L , N 
r r r 

Aircraft lateral force, rolling moment, and 
yawing moment derivative with respect to 
aircraft yawing velocity. 

Y 6 * L S > N 5 
a a a 

Aircraft lateral force, rolling moment, and 
yawing moment derivative with respect to 
lateral stick motion (6 positive to right). 

- a 

Y S - L 6 ' N 5 
r - r r 

Aircraft lateral'force, rolling moment, and 
yawing moment derivative with respect to 
rudder pedal motion (6 r ) positive right pedal 
forward). 


It is noted that aerodynamic forces and moments experienced by the 
aircraft result-from motion relative to the air mass. Thus, for example, 
the derivative Xy^_ should more properly be written as x V(aM-A)X a ‘ 

The shorter notation is used herein for convenience. 

j Force derivatives may be normalized by dividing by aircraft mass; 

; moment derivatives, by dividing by the appropriate moment of inertia. 
i For example, 

■i 

i 

: x 

j 

I 

i 
i 

■ 

> 
j 


*V 2 

ft/sec 

fps 


m 
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C . 3 Performance Functions 

' Performance functions are obtained from the simultaneous 
solution of equations 92-94 (for longitudinal modes) and equations 
95-97 (for lateral modes).’ For a helicopter, performance functions 
of interest are those relating the inputs and outputs shown in the 
sketch: 



192 ’ 





c-s , 


For example, the response of the helicopter in pitch (E) to a . ; 

differential collective stick input (6 0 ) is defined by the performance function'. 


PF H[S ;E] 


AE 
a a. 


(p) 


(9‘8) 


.Simultaneous solution of the- linearized longitudinal equations of section 
C.l .for this performance function gives a ratio of polynomials in p: 


Pf r , „' Nh[s .' eI deg 
Pr H[S „;E) a 


XZM in 


(99) 


where 


N h[S e ;E] = [c 0 + <>1 P + • * -][ S ;E ] 


( 100 ) 


A ~ characteristic equation of longitudinal modes at 
a given forward velocity 

• = [h 0 t-b] p vb 2 p 2 t-b 3 p 3 +b 4 p 4 ] 


( 101 ) 


and the constants a n and b n are functions of the stability derivatives. Equa- 
tion 98 can be written in factored form as' • 


PF H [S ;E] = 


K 


(1 + p/zj)(l rp/z 2 )(-v ■) 

(1 tp/p^)(l + p/j p 2 )( 3 +p/p3)( : --) 


( 102 ) 


where 


[S :E] 


= the n^* 1 zero of the performance function 

p^ = the n^ pole of the performance function 

K = a /b . 
o' o 
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• APPENDIX D 

Comparison of NASA and MIT/lL Notation 


mit/il 

Symbol 

A 

a 

CG 

D 

E- 

EAS 
F ■ 

r ( ) 

G 

G < ) 

g 


H 

H 

h 

h 

\ 

IAS 


I -,I ,1 

x y z 


j 


( ) 


Meaning 

Angle 

Acceleration 
Center .of -gravity 
Drag 

Elevation (pitch) angle . 

Equivalent airspeed = TAS 
Force vector 

Component of F along the ( ) axis 

Gravitational acceleration 

Wind component along ( ) axis ) 

Acceleration due to gravity = G plus 
centrifugal acceleration due. to Earth's 
rotation 

Heading angle 

Angular momentum vector 


Altitude 

Rate of change of altitude 

Unit vector along the ^ axis 

Indicated airspeed = EAS plus measurement 
inaccuracies . 

Moment of inertia in roll , pitch ,.and yaw 
respectively 

Unit vector along the ^ axis 


NASA 

Symbol 


A,B,C 
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MIT/IL 

Symbol 


J 


zx 


( ) 
( ) 


L 


( ) 


M 

m 


M 

M u 

m ( > 


N 


( 

( 



R 

R ( 

TAS 

V 


Meaning 

Product of inertia 

Unit vector along the Z^ ^ axis 

Aircraft rolling moment 

Aircraft rolling moment derivative with respect 
to ( ) = dL/d( ) 

Normalized aircraft rolling moment derivative 
with respect to ( ) = 

Aircraft pitching moment 

Mass = W/g 

Moment vector * 

Aircraft pitching moment derivative with respect 
to ( ) = dM/d( ) 

Normalized aircraft pitching moment derivative 
with respect to ( ) = M> x /l 

Aircraft yawing moment 

Aircraft yawing moment derivative with respect 
to ( ) = aN/d( ) 

Normalized. aircraft yawing moment derivative 

with respect to ( ) = N, ./l 

( ) z 

Laplace operator' 

Frequency-dependent performance function of 
the system element whose input is quantity a and . 
whose output is quantity b 

Displacement vector 

Component of R along the ( ) axis 

True airspeed = V [am _ a] 

Linear velocity 


NASA 

Symbol 

E 
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MIT/IL 

Symbol Meaning 

V y ,V , V Linear .velocity along the X Y' , and Z axes , 
AAA respectively “ ^ 

£V, ,AV ,&V Perturbations of V ,V , and V ' , re~ 

A A A’ spectively . \ Y A A 


•W 

W 


W. 


X 


W, 


A 



Angular velocity 
Weig'ht 

Angular velocity components along the X , Y , 
axes., respectively 


X 


X 


x 


( ) 


( ) 


*( ) 

y ( ) 

Z 

Z ( ) 


"( ) 

a 

P 

M) 


Longitudinal Axis , force or displacement 
(with subscript to denote axis system) 

Aircraft longitudinal force derivative with . 
respect to ( ) = 'dX/d( ) 

Normalized aircraft longitudinal force derivative 
with respect to ( ) = -X^ y/m 

Lateral axis., force or displacement (with sub- 
script to denote axis system) 

Aircraft lateral force derivative with respect 
to ( ) = dY/d( ) 

Normalized aircraft lateral force derivative with 
' respect to ( ) = Y^ y/m 

- Vertical axis, force or displacement (with 
subscript to denote axis system) 

Aircraft vertical force derivative with respect 
to ( ) = dZ/d( ) 

Normalized aircraft vertical force derivative with 
respect to ( ) = Z^ y/m 

Angle of attack 

Sideslip angle 

Incremental change in ( ) from a refe.rence value 


NASA 

Symbol 


U-,V,W 
u ,v,w 


"P/Q/R 



D-4 


MIT/IL 
. Symbol 

6 

C 

P 

a 

$ 

uu 


Meaning 

Control displacement (with subscript to 
'identify control} 

Damping, ratio 

Atmospheric mass density 

Atmospheric mass density ratio = o /p 

. o 

Roll angle 

Frequency or angular velocity in radians 
per second • 


Subscripts 

A 

a 

AM 

C 

c,com 

E 

e" 

G 

,g 

i 

L ' 

o 

P 

q 

r 

r 

z 


Aircraft body coordinate frame 

Rolling moment (''aileron") control; 
e.g. , 6 

a 

Air mass 

Earth -aircraft control coordinate frame 
Command or commanded 
Earth-centered coordinate frame 
Pitching moment (“elevator'-^control 
Earth geocentric-vertical frame 
Due to gravity 
Inertial coordinate frame. 

Earth local-vertical frame 
Trim value; sea level value 
Aircraft roll rate 
Aircraft pitch rate 
Aircraft yaw rate 

Yawing moment ("rudder") control 
Vertical control 


NASA 

Symbol 



APPENDIX E 


. FLIGHT CONDITIONS FOR WHICH YHC-1A STABILITY 
AND TRIM DATA ARE TO BE REQUESTED 


GW, lbs IcG Position 

Altitude , ft 

Rate of Climb ,fpm 

Fwd Speed, knots 

t 

13400 | 

S normal 

0 

. 0 

0,40,60,80,100,120,140 

f 

II L 

■ most fwd 

1 

o 

0 

11 

II * 

j 

most aft 

0 

0 

11 

i 

n » 

t 

• normal 

L 

10000 

0 

40", 60, 80,100 

•i i 

■ most aft 

10000 

0 

tt 

15500 

f 

1 normal 

► 

0 

0 

0,40,60,80,100,120,140 ' 

11 j 

[ most aft 

1 

0 

0 - 

> 

i II 

| 

13400 

normal 

0 

+1500 

0,40,60,80 

! 

j 

normal 

0 

-1500 ' 

. 

f 

f 

f 

j 


Total number of flight conditions: 51 
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APPENDIX F' 


STABILITY DERIVATIVE DATA FOR THE LANGLEY 
YHC _ 1A 


The data in this appendix is a reproduction of the 
tabulations by ERC personnel from the stability data 
supplied by Boeing/Vertol. 
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY 

DEPARTMENT OF AERONAUTICS AND ASTRONAUTICS 
INSTRUMENTATION LABORATORY 
CAMBRIDGE, MASS. 02139 

S DRAPER 
DIRECTOR 


TO R. B. Trueblood 

FROM R. A. MacDonald 

DATE 4 January 1965 

SUBJECT Revised Stability Derivatives tor OH- 4b Helicopter (Project 54-190) 


■ Attached is a tabulation of longitudinal and lateral stability derivatives 
for the CH-46 helicopter. These derivatives have been revised on the basis 
of results from the new Vertol computer program transmitted to us as Jobs 6111-1 
and 2 on 4 December 1964. For convenience, the derivatives are presented in . 
both dimensional and non-dimensional forms. 

Derivatives for both the "normal" and "most aft" center of gravity positions’ 
are included. These positions are defined in the table: 



WRT Centerline 

Fuselage Structural 


between rotors 

Station 

"Normal" CG position 

13.5 in fwd 

298.8 in 

"Most Aft" CG position 

16.0 in aft 

327.2 in 


Many derivatives do not change significantly with c,.g. position. Therefore, 
only those which change markedly are tabulated for the "most aft" c.g. 
condition. The remaining ones are assumed to be invariant with c.g. position. 

Cross-coupled derivatives (e.g. M , Yy , etc.) are omitted from this 
tabulation since investigation showed that all were of minor importance. These 
derivatives are available,, however, in the event that they are required for 
special-purpose studies. 

The derivatives have been calculated for a gross weight of 18700 lbs. 

Some derivatives are "worse" at higher or lower gross weights; however it is 
felt that the effect of gross weight is small enough to warrant confining our 
'analyses to this one- weight only. 

The derivatives have been calculated assuming that "longitudinal cyclic 
trim" is used. (With LCT, the longitudinal tilt of the rear rotor is changed 
linearly with speed between 70 and 110 knots from 0.5 -degrees aft to 4.0° 
forward.) Our flight control system does not use LCT. The effect on longitudinal 
derivatives (and therefore on pitching stability) of removing LCT at speeds above 
70 knots is not known, and therefore must be established. The derivatives pre- 
sented herein at 90 and 140 knots are subject to this reservation. 

RM/cm Enel. 1 

cc . W . B . Bryant , J. J . Cattel , M . L . Todd 


AOORESS ALL REPLIES TO INSTRUMENTATION LADORATORY. 68 ALBANY STREET, CAMBRIDGE, MASSACHUSETTS,, 02139 
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APPENDIX H 


SUMMARY COMPARISON OF SELECTED PARAMETERS 
FOR SEVERAL BOEING/VERTOL HELICOPTERS 
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APPENDIX I 


DETAILS OF THE ANALOG SIMULATION OF THE CH-46C 


1.1 Component assignment sheets and potentiometer settings for the 
simulation of the CH-46C 

The component assignment sheets are included as pages 
1-2 and 1-3 and the potentiometer settings as pages 1-4 to 1-7. 


1,2 Computer Connection Diagrams 

The computer connection diagrams are included as pages 


1-8 to 1-11 . 
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AMPLIFIER ASSIGNMENT SHEET 


OUTPUT 


CHECK STATIC 
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I. IMTRIODUCTION 


The purpose 
is co make t 
dociici fi::._-d 
and turn coo 
speed for io 


of Che Vertol Stability Augmentation System (hereafter called SAS) 
he flying qualities of the helicopter equivalent to those of a 
x;ing aircraft. It is noc an autopilot, since if uses rate damping 
ruination signals only. It will not hold heading, altitude, or 
pg periods, though it allows hands off flight for a minute or two . 


The first SAS was installed experimently on a test helicopter in 1957 and 
subsequently was fitted to the last nine Vcrtol 44's (military H-21) delivered 
to foreign governments. 


Its success was such that the present generation of Vertol helicopters, the 
107-11 and the Army HC-1B, have a dual SAS installed as an inherent part of 
the basic aircraft, and depend to a large extent on these units co provide 
acceptable flying qualities. 
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II . BACKGROUND 

A. Heliconiur Instability 

As a background to the following system description it is helpful to 
describe the dynamic characteristics of the basic helicopter. 

In hover, the dominant mode in both pitch and roll is an S to 20 sec 
oscillation which at least doubles amplitude every half cycle. In 
forward flight this degenerates to an almost pure divergence in 
pitch and in the coupled roll yaw mode, caused respectively by the 
longitudinal and directional static instability of the basic aircraft. 

B. Previous Approaches to Helicopter Stabilization 

These breakdown into three general classes - aerodynamic surfaces, large 
mechanical gyros, and autopilots. 

Aerodynamic surfaces such as horizontal and vertical fins do not stabilize 
the aircraft in hover, but do however add considerable weight and drag at 
all times. 

Large gyros such as the Bell stabilizer bar, are not adaptable for optimum 
stability about all axes, as well as having high drag and weight, partic- 
ularly for a tandem helicopter. 

Vertol was the first manufacturer '.to install an autopilot in a helicopter. 

Since then we have continually worked with advanced a-srop; lot designs. 

Our experience has shown that he licopter autopilots .»r. . -latively 
expensive, heavy and complex, and are only required for certain missions. 

They are not in general suited to installation in every aircraft, .nor- 
can they o'e completely dualized within practical limitations. . 

Experience with all or these devices finally lead us to try the simple 
electronic system to be '^escribed. ,A review of tandem helicopter basic 
controls will, however, be helpful. 

C. Aerodynamic Controls. 

The four basic controls are j 

1. Thrust - obtained by changing the 'blade pitch on both rotors simultaneously. 

2. ' Pitch - obtained by changing the thrust differentially between the 

rotors. 

3 . Roll - obtained by tilting both rotor discs (and hence thrust vectors) 
later*aHy in the same " direction. • 

4. Yaw - obtained by tilting the rotor discs oppositely. 
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- IVo'can' ■ :• Hydraulic Control System 


A : l ro*:.;r controls are power operated by dual hydraulic actuators at the 
rotor ‘"'04. s . Each dual actuator consists of two pistons, arranged in 
pa* jllel, supplied from separate hydraulic systems, and controlled by a 
tanner., servo' valve which is n.ovac by mechanical linkage from the cockpit. 
A: the cockpit is a second, though much lower power set of hydraulic 
actuator units. These serve a dual purpose. First, they prevent all 
rriccion, static weight, and inertia forces from the intermediate linkages 
from being felt by the pilot. Second, they provide a positive backup to 
react all forces from the SAS extensible link actuators which ’’float’ 1 
in the intermediate controls without being tied to structure. The SAS 
actuators operate differentially with respect to the cockpit controls 
_r. that tney move the rotor blades without moving the primary controls. 
For safety, then, the authority of the actuators is limited to the 
following nominal values..-' 


Pitch 207, 
Roll 207, 
Yaw 407, 
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XXI. SAS O '. ..-.TCS IN DETAIL (See Figure i ) 


Before discussing the detailed dynamics, the general system functions and signal 
paths will )e described,' As './as previously mentioned, the SAS uses only rate 
gyros for u^mne-rs, and sideslip sensors to obtain static directional stability 
with good thru coordination . - Signals from these sensors are demodulated, filtered 
as recurred, ^modulated, and used as the input signal to a servo amplifier 
hydraulic actuator loop. This results in a mechanical control input in either 
the pitch, roll or yaw axis as required. .This in 'turn is hydraulically boosted 
and fed to the rotor, from which the appropriate corrective moments are applied 
to the aircraft. 


A. Basic Control Dynamics in Detail (See Figure 2 


) 


The Dynamic response common to all 
of relatively high frequency lags . 
as being typical. Taken in order, 


three SAS axes consists of a series 
Values are shown for the 107-11 
they are: 


1. Rotor dynamics simplified 

2. SAS Hydraulic actuator, 
servo amplifier loop 

3. Upper Control Boost Actuator 


0.06 sec. 

0.05 sec, 
0.01 sec. 


B. . Pitch Axis (See Figure 3" ) 


1. The static gain and 1 second lag time constant were predicted by 

analysis as giving good stability and ‘response in all flight regimes 
This was confirmed by flight tests. 


2. The 0.2 second lead was found necessary during flight test to eliminate 
"porpoising" of the aircraft, particularly a: high airspeeds. Later 
analysis showed that this lead compensates i • the critical frequency 
range for the phase lag introduced by servo loop and rotor dynamics. 


3. The final lag was introduced on a cut and try basis to eliminate a 
ground handling effect in which pitch motion of the aircraft on its 
landing gear caused the longitudinal stick to move against its 
control feel spring. This in turn moved the controls ‘and caused 
more aircraft pitch response. Since the natural frequency of the 
aircraft on its gear is much higher than the predominant in-flight 
mode, the SAS phase shift was such’ that it aggrevated the landing 
gear - stick coupling to the point where it became unstable. Since 
the p„. lot could naturally stop any "motion by holding the stick, the 
whole problem was merely a nuisance which" was cleaned up during 
test ground mn nn 
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C. .Roll A:-. 


. SiLO 


Figure A ) 


.. pure • fleered roll dumper is sufficient to provide dynamic stability 
i.. hover -nd forward flight. All articulated rotor helicopters arc. 
Unwove ■ .object to a potentially violent mechanical instability known 

a;, "gn resonance" involving the roll dynamics of the fuselage on 

c- la; ur.ig gear coupled with a center of gravity shift of the rotor 
-.:ss due to in plane blade motion. The troublesome natural frequency 
usually i'.lls at about 2/3 of rotor speed, or about 3 cps for the 
id/’ -II. During the normal "ground resonance" testing, it was found 
that the 3AS sometimes increased the tendency to ground instability. 

The filtering shown eliminated the problem. 


Yaw Rate Damper (See Figure 5 

The middle frequency damper gain is set by the requirement of 
eliminating any yaw oscillation in forward flight. 

The low frequency washout reduces the yaw rate signal to zero 
during a steady turn. This prevents bottoming the yaw 
differential actuator which might otherwise occur with its 
attendant loss in stability. 

The high frequency lag attenuates undesirable vibration pick 
up from the gyros into the control system. 

0 

2. Sideslip <3ee Figure 6 } 

Ail current Vertoi helicopters are statically unstable with 
respect to yawing moment due to sideslip. The sideslip sensor 
compensates for this, providing the static stability necessary 
to allow easy high speed flight, pedal fixed turn coordination, 
a no jo meet MIL spec requirements . 

Sensing is accomplished by means of a pair of static pressure 
ports symmetrically located on the nose about 45° around from 
the aircraft center line. It has been found that the differential 
pressure between these ports is a linear function of sideslip angle, 
approximating that predicted by potential flow theory on an infinite 
cy^nder in uniform- flow . ( AP A -'w (f? .) 

From the above it. is apparent that the gain or the sideslip loop in 
terms of inches of control per unit sideslip will increase with air- 
speed squared. Sven though the aircraft instability follows a 
similar trend in the negative direction, the net total has been 
found to be too high at high airspeeds when sec for good stability at 
intermediate speeds. This can be explained as follows. The increase 
ir. net static _ stability with nirspeect can bo looked upon as an 
increasingly stiff spring restraint in the yaw axis. -to -directional 
disturbances . Since the damping is constant, and the natural frequency 
of the motion increases, the damping ratio (actual/critical) drops. 
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•1 ai.\ 


a up as a characteristic 3 to 5 sec 
to avoid this, the sideslip gain is 
cd signal. 


period fishtailing motion, 
reduced at higher speeds by 


slip differential pressure and airspeed electrical signals are 
obtained from Vartoi designed pressure transducers. 

3. Roll Rate into Yaw (See Figure 7 } 

'-'his cross coupling signal was added to the basic three axis damper in 
order to maintain good coordination during rapid entries into turns 
using stick commands and with pedals fixed. The lag is chosen long 
enough such than ic approximately integrates the roll rate signal for 
-~aort periods. The result is a roll angle signal which commands the 
required yaw rate for smootn turn entires. 

T vo disadvantages caused by this crosscoupling are: 

(a) It decreases the spiral stability of the- aircraft if the gain 
i.-. slightly higher than necessary. 

(a) Introduces the pc -nihility of a simultaneous roll-yaw hardover 
signal through roll gyro failure. 


4. ladal losltior. (See Figure - 8) 


l - . e yaw damper reduces the yaw control response of the aircraft to a 
degree which is undesirable in hover. To regain the original 
controllability, a washed out pedal position signal is used to cancel 
the yaw gyro into the servo amplifier. The washout prevents trim 
pedal displacements from affecting the system. 
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IV. ilARDfc'AIlS CONSIDERATIONS 

A. Contain: r,n .ion 

iao hyv.r.V'iic actuators and servo valves are protected against contamination 
by rrlrer-ng. : It was also round that the pneumatic system used to measure 
sruesijp angle also required some definite foreign particle protection, 
ine static ports and lines pr sod no problem due to their relatively large' 
size. i transducer signal p tc ho £f clement was s'isceptabi'* to di‘‘t 
cicggi.ig . Since the commercial unit originally used could not be modified, 
\er-ol designed, tested, and is now manufacturing transducers which 
over cc .. this through their mechanical design. 

Sons it: v : .y is such that full output signal is obtained for a differential 
pressure or 0.5 psi. Since a usable signal can be gotten for the altitude 
<~..bnge from the floor to a dc-sk top, these units are also used as barometric 
altitude sensors in the Vertol autopilot which is in early development 
testing . 


B. Tor.linearities 


The design 
r.vorau l ic 
In normal 
uti fixed , 
null posit 


of the amplifier actuator sc'yo 
servo valve was chosen which bad 
operation, only a small part of 
resulting in a magnification of 
ion. 


loop hardware was such that a 
a higher gain than was required, 
the value flow capability is 
the nonlinearities around the 


Ir. extremely calm air, a long 
has been noticed in the pitch 


period low amplitude limit cycle oscillation 
axis caused by excessive valv,e threshold. 


A null shift, resulting in a slight 
aay to day operations. 

A change to a low gain servo, valve, 
is now ir. progress . 


"engage error" has also been noted in 
with appropriate circuit adiustments 


C. Unwanted Signal Pickup 


Since the first experimental SAS installation, all 
intentional high frequency filtering, particularly 
dominant 13 cps vibration frequency. 


rate signals have had 
to reject the pre- 


system of t 
previous ni 
lateral "ki 
an intermit 
of sideslip 
gallon cans 


of convenience, no filtering was included in the sideslip 
.ne 107-i.C SAS design since none had been found necessary for 
rcraft. During test flying, pilots complained of a random 
ck" which occurred SAS - on at high speeds. This proved 'to be 
tar.t yaw oscillation which appeared to be a direct function 
sensor gain. After some cut and try testing, a pair of one 
to serve as pneumatic filters wei*e tried and eliminated 


the problem. 


Apparently the higher system gain required by higher speeds and poorer basic 
<=.^rcraft stability was sufficient to show up the problem on the 107-11. 
Subsequent experience on the IIC-1B, has shown that a simple filter - 
network as is used for rate signals, also solves the problem. 
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i'WiA JL'i. 1^.. . I.*;., 

orders eo have 


_ . — - rail safe re debility and to maintain aircraft stability 

.,•3 lowJ.ua railure, two identical. complete dnJ independent SAS are installed 
A ' cacn a urcratc . This dual i nation includes separate electric and hydraulic 

eck boxes and actuators. No single failure can 


power & up 

piles as well as 

lose DOC;*, 

systems . 

Normally 

both SAS operate 

power to 

xne system fails 


.ch at half gain. If hydraulic or electric 
iG otner automatically is switched to full 
gam. j-t some ether failure occurs, the pilot must manually switch 
tc> the remaining system. 

? j ight Tests ■ 

“ a post it m system failures have been demonstrated in flight to show 
recovery capability, and to define flight limitations if any. 

ocl ty ir. ..07 tar lure testing it was determined that a loss- of- actuator- 
leedbacK icilure m which the actuator oscillated at maximum velocity 
between its limits , was so bad even in hover that a forward flight 
demonstration was inadvisable. After this experience, each individual 
actuator i.ae its feedback loop dualized. 

Over travel 

iutricicr.t control throw is available in the cockpit so that the pilot 
v_^n st_ii move .-tie rotor controls to their limit stops following a full 
extend or retract SAS actuator failure. This insures that there will be 
no loss oi controllability resulting from a single system, failure » 
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VI. SSRVIC.S 


A single ti: - 
the last n. . 
governments .. 
and have ha 1 
actuator, cue 


; SAS almost - Id 

.. orator cia i vers ions 
.5 59. Since then 
-r ; ' discrep.'-acie 
rough feedback pot 3 




uhet just described mas installed 
1 which were sold to foreign 


,uc •;«. nave accumulated 2700 ffigl 
: ansi s cm” of one gyro failure, 
:ci oase ter, and one circuit ciscrop 


at uours , 


one leaky 
ar.cy . 


in 
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VII. SU>S>L\RY 

This paper has a :: tempted to g i overa! 1 picture or the SAS with resard to 
irs purpose, meenod of opera t 1 y a ..id probiens encountered during design. 

Any means c ;• -.bLUcing a basically uns table vehicle muse be weighed in 
relation cc . sion requirements. For the large helicopter or VTOL, the most 
important .-rs are: 

1. ke „i noil: ty - failure rate per unit time, and consequences 

should Ou" occur. 

2. Quc ,y or Stability • et - consider both hover and forward 

f light. 


3, denormance renal ties - weight and drag of ri>:ed surfaces for 

o: mmole . 


Considering : 
represents c 
.a ire raft . 


. we believe that the Dual 

good, so lu t ion. to the problem 


SAS installation described herein 
for the present generation of 
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APPENDIX L 


". HELICOPTER AUTOMATIC CONTROL THROUGH 
INTEGRATION OF SEPARATE FUNCTIONAL UNITS 11 


This renort has been reoroduced with the permission 
of Beoing/Vertol. 
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• KELIC0PT2R AUTOMATIC CONTROL TKHO'JGH 
IBT2G5ATXOB OF SEPARATE FOKCTIOIIAL UT7ITS ' 

II* I . Gets tine end 7. , S, Blake 
Vertol Division 
The Ecctr.g Company 


Sssajcx 

Tea trend in helicopter automatic otcbili- 
cccion h.ta always bean to carbine functions of 
stabilisation, tvim and flight guidance In a sin- 
gle package- This evolved from the background of 
fined wing autopilots which were first adapted to 
helicopters. The weight, cost and reliability of 
this approach has impeded operational suitability 
er.d brought about development of a different 
concept. 


Toe requirement of providing excellent sta- 
bilization dictates the use of high frequency 
response actuators and other critical system com- 
ponents, without compromising flight safety or 
aircraft control feel. Such functions a a guid- 
ance and navigational coupling of a stable air- 
craft can be accomplished by the installation of 
a 3isnple memory unit utilising slow acting low 
response hardware. The differences in dutie 3 
and perfor.tar.ee requirements logically leads up 
to a complete separation using different systems. 

The concept of separation of function used 
in the 107-11 leads to less cost, weight, and 
complexity, and greater reliability than standard 
syc tecs . 


I . Introduction 


Confusion has existed in the pact as a re- 
sult of adapting fixed wing autopilots to heli- 
copters. This has been reflected not only in 
terminology, but in the manner in which the func- 
tions have developed ir. the devices themselves. 
The majority of fixed wing autopilots primarily 

need to supply a long tern reference to hold a 
basically stable aircraft on a fixed speed, 
heading and altitude. If such a system is simply 
adapted to helicopters, on the other hand, it 
must perform a fairly difficult stabilisation 
task, as -well as accomplishing flight guidance, 
and this stabilising function must be accomplished 
with no loss in the maneuvering capabilities or 
deterioration in control feel. Considerable 
effor c in attempting to cope with these diverse 
requirements of stabilization and of guidance 
have resulted in development of a new approach to 
the problem of helicopter automatic flight, which 
has been applied to the Booing-Vertol 107-11 
shown in Figure 1. Tne concept, details, and 
performance of the new systems are described in 
this paper. 

II • Concept of Separation of Svstem Function 

■The design philosophy of. the helicopter is 
to incorporate provisions for two .types of auto- 
matic- flight .control systems. These are: 


1. A Stability Augrantction Syr, ten (S.A.S.) 
which is an integral part of tl-.s aircraft control 
system in both function and dependability. 


2. Attitude and Altitude Lock System which 
is cupplcncntary equipment employed cs en auto- 
matic pilot end for eutccx.tic navigation control, 
and/or progra.Tr.cd nice ions. Figure 2 explains 
this principle, showing a damping loop ccmpcced 
of a dual S.A.S. installation to give completely 
reliable stability, and a trim function -loop for 
long term reference or navigation. 


A . S.A.S. Concept 


The concept of the S.A.S. is based on the 
need for good stability characteristics at ci! 
3peeds, without compromising the overall sizs 
and weight of the aircraft. These requirements 
apply, particularly, to lew airspeeds and instru- 
ment approaches me oteep angles of descent. 

Since optimum decign-io defined by installation 
or the simplest means or obtaining gcod stabs - 
liaation as standard equipment inherent in every 
aircraft, then if good stability character!.-.? ;co 
can be provided without the sophistication of 
the autopilot, and its consequent weight, com- 
plication, expense and problems of rcaiaConfioc* 
snd reliability, it is mandatory that the .s-oro- 
pilot be relegated to the role of optional 
equipment. 

The many aercdyntraic (fixed surface typ-r) 
stability devices v?hich have been devaiepsd in 
the past have sufferod from several dicad-eae- 
tages . Probably che most important was their 
ineffectiveness at low airspeeds and in haver, 
where stabilization is needed as wuch, if not 
more, than during forward flight. 

Another stabilisation system which has been 
investigated was the damped gyro stabilizer bar 
mounted on the rotor hub. This gives rate damp- 
ing similar to that obtained with' a gyro. How- 
ever, because Che bar turns at rotor speed and 
acts directly on blade pitch, it must be heavy 
enough to generate sufficient control forces. 

In addition to this weight and the dreg as so - 
ciai-ed with a large exposed bar, it suffers from 
another deficiency. Since the gyro bar is pert 
of the rotating rotor system, there can be only 
one stabilization gain for both roll and pitch 
unless a complex mechanical linkage in used. 

Since the requirements in these two axes are 
different, it follows that the gain setting is 
always a compromise resulting ir, sluggisnness 
for one axis, and insufficient stability for che 
other. ’ ' 
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After several years of intensive effort in 
cccbiiity augmentation end autopilot developa&nc, 
v "-v to 1 arrived at a S.A.S. baced on internally 
ememted, high epeed, rate gyroscopes. Since the 
rfi'C is an- inertial device, it pro video the same 
Mobilization for all flight conditions. Fur- 
being smell and light and well cuited to 
ore-r aircraft installation, it is fcacible to use 
tryjro than one to (1) optimize characteristics 

all control arcs and '(2) duplicate systems 
fo? fail-safe featT.rcc . The output of the S »A . S . 
vrtilsec United authority differential- type 
w-^trol actuators. This means that the stability 
cv^r.c-ntat ion system docs not move the pilot's 
-etitvols. In effect -ha is flying s ctable air- 
'■raCt end thus needs-’ only clou, fixed-wing type 
-sr<7tr-ol motions to guide the helicopter. 

' Precise A ttit ude and Altitude Lock Concep t 

Os the original- S. A, S. test program vac 

teg its close, an interesting characteristic 
•err^ noted. Instead of leaking normal hclicoptcr- 
control motions during flight, the pilot 
crao merely holding the stick fined in position 
03 treking very small, trim corrections at several 
f-g, intervals . This suggested that the addi- 
CV-" of c cicple automatic H.A.A.L. system would 
crag-lofcly relieve the pilot of control effort 
normal steady flight. Such a system was 
fs’vcctigaced more thoroughly, and offers many 
significant advantages for a relatively small 
coot increase . 

Sine3 the automatic P.A.A.L. system need 
cmiy supply minor correction signals, it readily 
Lends itself to a simple and consequently a 
chon? and reliable method of installation. - 
r fryers 3 shews schematically the layout of the 
cyotemn for either the longitudinal or lateral 
cnis. The directional axis is similar except 
that a directional gyro replaces the vertical 
gyro. ' It can be seen that the S.A.S. operates 
independently of the P.A.A.L., to insure reliable 
stabilisation even in the event of failure. The 
? .A ,A ,L . operates as follows: Any attitude error 

causes the vertical gyro to put out a voltage 
proper tioaal to the error. This signal, after 
amplification, drives the attitude trim actuator 
which changes the zero force position of the pre- 
loaded centering springs. This causes movements 
of the control stick which in turn moves the en- 
tile control system. Details of the operation of 
the attitude and altitude lock are described in 
subsequent sections of this paper. 

III. D escription of S.A.S. 

A. Development 

The present S.A.S. was developed following an 
extensive analytical and flight test program. 
Various possible means of improving stability 
wore first investigated on an analog computer, and 
the moat premising systems from this analysis were 
then tested in an SOP-4 helicopter. Displacement, 
rate, acceleration and .sideslip were all consid- 
ered as possible parameters for censing, and any 


combination of these could ba fed into any axis 
or axes with or without a signal shaping. Sight 
of these systems were actually flight tested in 
the KU?. By installing a multiplicity of sensing 
devices and providing suitable rapid switching and 
in-flight adjustment of gain settings, it was 
possible to obtain a direct comparison of the 
stabilizing characteristics of these various 
cystoma-. 

The system finally selected for the EUF-4 used 
a lagged pitch rate damper in the longitudinal 
system, a roll ra te damper without lag in the lat- 
eral system, and a yaw rate damper in the direc- 
tional system. In addition, roll rate was fed in- 
to the yaw axis to improve dynamic stability and 
lateral stick turn capability. During the course 
of che HU? flight test progren, the aircraft was 
frequently flown "hands off" for periods of four 
to five minutes. In addition, the helicopter 
successfully flew for two minutes "hands off" in 
a steady partial power descent at 750 feet/minute 
at 30 knots airspeed, as would be required for 
blind approaches. This tost was limited to two 
minutes only by lack of altitude, and the sta- 
' bility would hove been adequate to continue for a 
substantially longer period. 

Initial tests of the KUP-4 "breadboard" sys- 
tem on the Vex-tol Model 107 prototype revealed a 
requirement for more otcbility in the yaw axis 
than that which can be obtained without the addi- 
tion of a sideslip censor. To avoid the instal- 
lation of a been in front of the aircraft for 
mounting a sideslip vans, a system was developed 
which sensed a sideslip by using a differential 
pressure transducer fed from a pair of static 
ports symmetrically disposed on the front of the 
forward pylon. This system gives a high degree 
of static and dynamic stability on the Model 107 
in forward flight and allows "stick" turns up to 
maximum airspeed with excellent coordination. 

The first three-axis production system was 
designed and produced for the YEC-1A. em- 

bodied the operational features of the Model 107 
system but was designed as a single electronic 
unit, with transistor amplifiers, printed wiring 
and other features to insure a high degree of 
reliability. 

B . Hardware Operation 

1 . Servo Loop - The servo loop is the same 
for roll, pitch and yaw and consists of a tran- 
sistor amplifier, the output of which is demod- 
ulated and fed to the torquemotor of a differ- 
ential hydraulic actuator. The actuator motion 
is censed with a differential transformer and a 
proportional voltage is fed back to the amplifier 
This results in on actuator displacement propor- 
tional to the signal voltage applied to tha am- 
plifier. 

The differential actuator system offers two 
basic advantages. First, it eliminates uaoasir- . 
able 'forces and motions from reaching the pilot's 
controls and, second. It permits the use of lits- 
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Ited authority co that the S.A.S. can never move 
the controia by more than n fixed percentage of 
their total travel. This means that even in the 
event of a malfunction resulting in a hardover 
signal, sudden cotiona of the aircraft are mini- 
mised, end the pilot can easily override the 
S.A.S. In addition, the' - control system 3topa are 
arranged on the output side of the S.A.S. actua- 
tors so that in the event of a hardover signal the 
pilot still has available his normal full control 
plus a sufficient overtravel to counteract the 
full S.A.S. signal. 


response than aircraft aerodynamic characteristic ■» 
theae recor'ds are indicative of what is obtained 
on the 107-11, The following figures chow the 
pertinent control input and resulting helicopter 
response for the various axes in hover and for rrerd 
flight. 

Figure 6 Pitch Axis Response - Hover 
Figure 7 Foil Axis P.espon3C - Eovor 
Figure 3 Yew Axis P.es ponce - Hover 
.Figure 9 Pitch Axis Response - Forward Flight 
Figure 10 Roll Yaw Response - Forward Flight 


Stabilisation Signals 


Reliability 


Roll Axl3 - The signal applied to the 
roll amplifier is roll rate from a rate gyro. 

Pitch Axis - The pitch axi3 is identical 
to the roll axis except for a network which per- 
forms a lag- lead on the demodulated rate gyro 
signal. This particular shaping is optimum for 
a tandem helicopter. 

Yaw Axis - Four signals feed the yaw axis 
amplifier. One is a yaw rate signal from a rate 
gyro contained within the electronic unit". An- 
other is lagged roll race from the roll axis. 

This signal tends to cancel out any yaw rate sig- 
nal during turn entry so that turn3 may be well 
coordinated. Since this cancellation lasts only 
during entry into the turn, the yaw .gyro signal 
is fed to the servo amplifier through a "wa3h out" 
which eliminates any ctoady state yaw gyro signal. 
The third signal is sideslip which is detected by 
n differential pressure transducer -fed by a pair 
of static ports', Eyrrsetricaily placed on thenooe 
of the aircraft. * For optisxsa stability at all 
circpoods the gain o’f this transducer is pro- 
gressed as a function of airspeed so that precise 
coordination is obtained at all airspeeds between 
approximately 60 knots and V^a^. A second dif- 
ferential pressure transducer supplies the neces- 
sary signal to accomplish this. For precise 
control in hover, a fourth signal i3 applied to 
the yaw axle. A rudder pedal pickoff signal i3 
used to cancel the yaw gyro.cignal in turns. 

The following figures illustrate explanations 
of this section. 

Figure 3 Boeing-Vertol 107. Control System 
Schematic Showing Typical S.A.S. 
Installation 


The S.A.S. is designed such mac aarcrarc 
stability is as reliable a3 any critical mechan- 
ical component. This is accomplished in two ways: 

1. Simplicity - A complete three (3) axis 
S.A.S. contains only about 1/4 the number of a. - 
ticel components as a modern helicopter ASH. 

2. Duallzatlon - The installation in the 
107-11 includes two complete .and independent t>-r« 
(3) axis S.A.S. 's. Both of these are normally -»» 
at once, each supplying half the required contrul 
motion for stabilization. Should a failure oi-. •>: . 
either system can take over the full load, cno 
supply all stabilization. The two systems*arc *un 
from identical but separate electrical and hyd:.ut.- 
lie power supplies which are standard in the <*:<• 
craft. There is no single failure (other that 
catastrophic mechanical) which can result in * 
loss of both S.A.S. 

IV. Description of P.A.A.L. 


Development 


As described in the Introduction, the prin- 
ciple of operation of the precise attitude cod 
altitude lock, is based on flight test expcriGmce 
where it was noted that the pilot need make only 
small, infrequent control corrections when fly- 
ing S.A.S. equipped aircraft. This can be (tens 
automatically using the scheme shown in Figure 3, 
where a slow-speed stabilization-synchronization 
unit repositions the stick as necessary by chanc- 
ing the zero force position on the preloadcd 
centering springs which provide artificial feci to 
the aircraft controls. This system has several 
inherent advantages . 


Figure 4 Boeing-Vertol 107 Electronic Block 
Diagram 

Figure 5 Boeing-Vertol 107 Complete Control 
System Schematic 

C. Flight Records 

Flight records made during -a YHC-1A test pro- 
gram arc presented to show the stable qualities of 
the S.A.S. equipped aircraft. Because of the sim- 
ilarity of basic airframes, and ■ the fact that the 
S.A.S. hao much more powerful effect on dynamic 


1. Since the system only trims the heli- 
copter, there are no large rapid motions such as 
are associated with stabilization. The system 
moves the 3 tick in the same way that the pilot 
does, so that stick motion is unobjectionable 
'and most often even undetected by the pilot. 

2. Maximum stick velocity necessary La only 
about one inch per second. By making maximum" 
motor speed correspond to this velocity, a raprd 
"hardover 1 ’ input is impossible, so that one ob- • 
jection to the usual "parallel" type of system is 
negated. Thus, the system may have 100% author- 
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ity. overcoming the need for Che complex system 
necessary to keep a limited authority actuator 
centered. 

3. In the event of a failure, the pilot 
only need overcame .he normal centering opring 
force to completely overpower the system. 

B C nrfeare Operation 

The heart of the system is the stabilization- 
cyeshroni nation unit, which is shown schematic- 
ally in Figure 11. It replocec the magnetic 
brake installation. The artificial force feel 
centering spring is attached to the unit output 
era. System gain can be changed only by chang- 
ing gear or linkage ratios, and i3 not a function 
of electronic adjustment. Figure 12 i3 a photo- 
graph of the breadboard stabilization-syn- 
chronisation unit connected to a control taockup 
for lob checkout purposes . 

1‘rdca of Operation 

1 . P.A.A.L. Off - The brake is engaged and 
through the centering spring holds the stick or 
pc-iclo in a trimmed position. The clutch is 
diaotigagcd and the duplex clutch is in the OFF- 
SifuC position. In response to any changes in the 
gyro signal the amplifier will drive the motor so 
as to null the output of the synchro. Synchro- 
nisation will be rapid (about 120° per second) 
since the gear reduction to the synchro will be 
txcoll in this mode of operation. The pilot can 
manually retrira the stick or pedals by depressing 
the llr.g. Brake button. 

2. P.A.A.L. On. (Stabilising) - The brake ia 
disengaged and the clutch iD engaged so that the 
motor will drive the output arm of the actuator. 
The duplex clutch is in the STAB position and the 
motor drives the synchro through a somewhat 
greater gear reduction than in the OFF-SYNC posi- 
tion, the exact ratio being determined by the 
gain (output rotation per degree of synchro ro- 
tation) required for helicopter stabilization. 

The output arm is then rotated through an angle 
proportional to the gyro error signal. 

3. P.A.A.L. On (Maneuvering ) - The pilot may 
make temporary commands in pitch and roll by 
forcing the stick out of detent to change atti- 
tude manually,. With the stick out of detent in 
either pitch or roll the power is removed from 
the motor in that axis and no motion occurs with- 
in the actuator. When the stick is released or 
returned to detent the actuator will return the 
helicopter to its original attitude. 

4 . P.A.A.L, On (Synchronising) - Permanent 
attitude changes are made in pitch and roll by 


expressing the Kag. Brake button. Thi3 tempo- 
rarily returns the system to the ASS OF? state 
in which the system is allowed to resynchronize. 
Upon release of the button, the system again sta- 
bilizes. AH heading changes are permanent and 
are initiated by a pedal going out of detent in 
hover and by depressing the Ksg. Brake switch or 
moving the stick out of lateral detent in forward 
flight. 

V. Failure Considerations 

A • S »A ,S» 

1. Actuators(See Figure 13) - The authority 
of the S.A.S. actuators iG limited so that under 
normal operation they cannot provide more control 
travel than + .90 inches of longitudinal stick, • 
+ .52 inches of lateral stick and + .78 inches of 
rudder pedal . 

If there is a los3 of hydraulic pressure or 
if the pilot wishes to turn one of the S.A.S. 
systems off, a spring loaded lock piston is driv- 
en down past the actuator output piston. The 
lock piston is tapered 3o that it centers the 

S.A.S. actuator and locks it in this position. 

B. P.A.A.L, 

- As shown schematically in Figure 3, this 
function is applied to the pilot's controls 
through the feel spring. Any normal function 
encountered therefore, could be overcome by 
pilot effort with no more than 7.90 lb maximum 
force in longitudinal 3tick, 4.53 lb lateral 
stick, 17.1 lb in rudder podal and 16.1 lb in 
collective pitch 3tick. 

VI . Conclusions 

1. A new concept of helicopter automatic 
flight control has been developed, tested, and 
applied to the Boeing-Vertol 107-11. 

2. Stabilization requirements are best sat- 
isfied by a simple damper system, dualized for 
reliability, acting through limited authority 
differential actuators. 

3. Flight guidance of a stable aircraft can 
best be done using large authority, slow-moving 
control inputs. Since these are very similar to 
pilot control motions, it is feasible to move the 
basic cockpit controls with parallel actuators .to 
accomplish this. Safety requirements are satis- 
fied by putting in control movements through the 
force feel spring, thereby positively limiting 
the maximum control force. 

4. Detailed analysis and test experience has 
shown, that no single failure can result in a loss 
of aircraft control or stability.^ 



L-6 


PILOT 



F?cUF.£ 2 

IKXSR AJO OUTER LOO? PRINCIPLE 


nest i wtew-YaNt. 


L 



SCHEMATIC . FIGURE 3 

S.A.S. AMD RA.A.L. INSTALLATION 



L-7 




-13 










L-8 


• FAMKJ 


PiTC 


FICURE 6 

K AXIS RESPONSE 


RufJ 16 


VU-> „ I T 

FLT 163 S A S. Ofi 

C-I3-60 


G.W.- 143C0 
C GL- 13 Q F 
HOVER 



IOO L 


FIGURE 3 

Y AW AXIS RESPONSE 


VKC-IA G.W.-WGC3 

FLT ISO S.A.S. OH C.C- 3.4F 

3-13-60 HOVER 





. FIGURE 7 

ROLL AXIS RESPONSE 


RUN 12 


YkC-lA 

FLT 163 $.A s. OH 

5-1S-60 


G.W. 14750 

C.G.-I50F 

HOVER 



YHC - IA 
FIT X 172 
G - 27- SO 


FIGURE 9 
S.A.S. ON 


SWJ 1 3 
Q.VJ ■ ccrw^y. 

C 6 • esaa. 

AAJ * ICO KNOTS 



Cl . 







l 


A 


too 


L-9 




-15 




L-IU 


FAIL SAF£ ACTUATOR 

FICCCC !3 




- 16 - 





M-l 


APPENDIX M 
BIBLIOGRAPHY 

1. Truxal, John C. , Control System Synthesis , McGraw-Hill, 

N.Y. 1955. 

2. Clark, Robert N., Introduction to Automatic Control Systems , 

• Wiley, N.Y. 1962. 

3. Laning and Battin, Random Processes in Automatic Control , 
McGraw-Hill, N.Y. 1956. 

4. Kuo, Benjamin C. , Analysis and Synthesis of Sampled-Data 
Control Systems , Prentice-Hall, N.J. 1.9 63. 

5. Tou, Julius T. , Digital and Sampled-Data Control Systems , 

' McGraw-Hill, N.Y.' 1959. 

6. ’ Grabbe,- Ramo, and Wooldridge, Handbook of Automation , 

Computation, and Control, Volume I, Wiley, N.Y, 1958. 

7. - Systems Technology, Inc. , Analysis of Multiloop Vehicular 

Control Systems , ASD-TDR 62-1014, 1964. 

8. Houbolt, J.C. ; Steiner, R.; Pratt, K. G. , Dynamic Response 
of Airplanes to atmospheric Turbulence Including Flight Data . 
on Input and Response , NASA TR R-199 , June 19 64. 

9 . Press, H.; Meadows, M. T.;Hadlock, I., A Reevaluation. of 
Data on Atmospheric Turbulence and Airplane Gust Loads for 
Application in Spectral Calculations , NACA Report 1272, 1956. 

*10. Mazelsky, B.; Armez, Jr., On the Simulation of Random 

Excitations for Airplane Response Investigations on Analog 
Computers , IAS Preprint #686, January 1957, 

11. Clementson, G. C., An Investigation of the Power Spectral 

Density of Atmospheric Turbulence , Ph.D. Thesis, Massachusetts 
Institute of Technology, Instrumentation Laboratory report 6445- 
T31, 1950. 



M-2 


X2. Gessow and Myers , -Aerodynamics of the Helicopter , MacMillan, 
N.Y. , 1952. 

13. Nikolsky ,- Alexander A. , Helicopt er Analysis , Wiley, N.Y. , 

1951. 

14. Seckel, Edward , Stability and Control of Airplanes and Helicopters , 
Academic Press , N.Y., 1964. 

15. Payne, P. R. , Helicopter Dynamics and Aerodynamics , MacMillan, 
N.Y. , 1959. 

16. Proceedings of NASA Conference on V/STOL and STOL Aircraft, 

NASA Report No. SP-116, April 19 66. 

17. Wolkovitch, J., and R. P. Walton, "VTOL and Hel-icopter Approximate 
Transfer Functions and Closed Loop Handling Qualities" , Systems 
Technology, Inc. Technical Report No. 128-1, June 19 65. 



